Magnetocaloric Study of Spin Relaxation in 'Frozen' Dipolar Spin Ice Dy 2 Ti 2 07 
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The magnetocaloric effect of polycrystalline samples of pure and Y-doped dipolar spin ice 
Dy2Ti2C>7 was investigated at temperatures from nominally 0.3 K to 6 K and in magnetic fields of 
up to 2 T. As well as being of intrinsic interest, it is proposed that the magnetocaloric effect may 
be used as an appropriate tool for the qualitative study of slow relaxation processes in the spin ice 
regime. In the high temperature regime the temperature change on adiabatic demagnetization was 
found to be consistent with previously published entropy versus temperature curves. At low tem- 
peratures (T < 0.4 K) cooling by adiabatic demagnetization was followed by an irreversible rise in 
temperature that persisted after the removal of the applied field. The relaxation time derived from 
this temperature rise was found to increase rapidly down to 0.3 K. The data near to 0.3 K indicated 
a transition into a metastable state with much slower relaxation, supporting recent neutron scatter- 
ing results. In addition, magnetic dilution of 50 % concentration was found to significantly prolong 
the dynamical response in the milikelvin temperature range, in contrast with results reported for 
higher temperatures at which the spin correlations are suppressed. These observations are discussed 
in terms of defects and loop correlations in the spin ice state. 

PACS numbers: 72.15.Lh, 75.30.Sg, 75.50.-y 



I. INTRODUCTION 

Geometrically frustrated magnets, in which the struc- 
ture of the lattice leads to a competition between local 
spin - spin interactions, serve as model systems for the 
study of strongly correlated disordesi. Particular inter- 
est has been devoted to the spin ice materials Dy 2 Ti 2 C>7, 
Ho2Ti 2 07 and Ho 2 Sn 2 07, on account of the analogy be- 
tween the orientation of their magnetic moments and the 
arrangement of O-H bonds in common hexagonal water 
ic o 2 i 3 i 4 i 5 . In these materials, the magnetic rare earth ions, 
Dy 3+ or Ho 3+ , reside on a lattice of corner-sharing tetra- 
hedra. The crystal electric field introduces an almost 
perfect Ising anisotropy with the anisotropy axis oriented 
along the local [111] crystallographic axis, a member of 
the cubic (111) set, that points from a vertex of the tetra- 
hedron to its centre. The nearest-neighbour spin-spin in- 
teraction is ferromagnetic and predominantly of dipolar 
origin: it leads to a strong frustration with local spin 
configurations obeying "ice rules" - two spins oriented 
outward and two spins oriented inward, on each tetrahe- 
dron. As in the case of water ice, these rules stabilise a 
macroscopically degenerate ground state and prevent the 
system from long-range ordering. Indeed, no magnetic 
order is observed in the spin ice materials at least down 
to a temperature of 50 niK 2 ^ and the observed resid- 
ual entropy is in excellent agreement with the expected 
zero-point entropy of water ice, l/2i?ln(3/2) — . Various 
novel magnetic states in spin ice have been the subject of 
extensive theoretical£i2i2ii2iii and experimentali 2 * 1 ^ 4 * 1 ^ 
studies. 



The question of how the spin ice state is formed has 
stimulated several investigations of the magnetic dynam- 
ics of the spin ice materials with particular emphasis 
on relaxation phenomenaiSiiLi2iiS. The magnetic relax- 
ation in Dy 2 Ti 2 C>7 has been discussed in most detail. Ac- 
susceptibility studies of powdered Dy 2 Ti 2 07 up to 20 K 
suggest rather a wide distribution of relaxation tiniest, 
but other studies^ suggest that spin ice responds to ex- 
ternal magnetic field in a very limited range of relax- 
ation times, an effect that has been ascribed to the high 
degree of chemical and structural order. In addition, ac- 
susceptibility data for Dy 2 Ti 2 C>7 indicate strongly fre- 
quency dependent spin freezing at about 16 K. This was 
initially discussed in terms of collective dynamics r^* 2 ^, 
but subsequently, on the basis of systematic studies of 
Dy2-a;Ya;Ti 2 O7 in wide range of dilutions a* 21 - as well as 
neutron scattering 2 ^, ascribed to a single spin flip pro- 
cess. 

Relaxation processes in the temperature range where 
the ice-like spin - spin correlations are already devel- 
oped (T < T icc sa 2 K) have been addressed in much 
less detail. A recent neutron scattering investigation of 
Dy 2 Ti 2 C>7 and Ho 2 Ti 2 07 in an applied magnetic field 23 
suggested the existence of metastable states and very 
slow dynamics governed by magnetic field. The effect 
of magnetic dilution for T < Tj ce also remains unclear. 
In the present work we study the relaxation processes in 
both pure and diluted spin ice in a temperature range 
where single spin flips must be significantly restricted by 
the well-established ice rules. We propose that, due to 
the expected (slow) time scale of the relaxation, the study 
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of the magnetocaloric effect may serve as an alternative 
technique for the qualitative estimation of the tempera- 
ture and magnetic field dependence of relaxation times. 

Magnetocaloric effects in strongly frustrated magnetic 
systems are, furthermore, of intrinsic interest, as the large 
degeneracies of these systems lead to special properties 
that are absent in nonfrustrated magnets. Specifically, 
it was suggested that if residual entropy is suppressed 
by magnetic field, then, during adiabatic demagnetiza- 
tion, the system will regain the entropy and an enhanced 
cooling effect may occur—. A large magnetocaloric effect 
in frustrated magnets has also been predicted to occur 
near the saturation field due to a macroscopic number 
of local modes, which, below the saturation field, remain 
gapless2lk An enhanced cooling rate was observed in the 
Heisenberg pyrochlore Gd2Ti207^S', in agreement with 
theoretical predictions; the most efficient cooling appear- 
ing near the crossover between saturated and spin-liquid 
phases. For Dy2Ti2C>7, the magnetic field variation of 
the entropy was examined using the magnetocaloric ef- 
fect in a magnetic field oriented in the [111] direction, in 
order to characterise the "giant entropy spike" that ac- 
companies the ice-rules breaking spin-flop transition 27 . 
The magnetocaloric effect of Dy2Ti2C>7 associated with 
demagnetization to the zero field spin ice state has not 
been reported in detail before 2 ^, but as discussed further 
below, poses an interesting and fundamental problem for 
thermodynamics. 

In the present work we apply adiabatic demagnetiza- 
tion to study the response of pure and magnetically di- 
luted spin ice in slowly changing magnetic field at tem- 
peratures T < T; ce . In both systems a recovery towards 
a new equilibrium state after finishing the demagneti- 
zation is clearly manifested. The observed response of 
Dy2Ti2 07 enables the estimation of the temperature de- 
pendence of the relaxation time. The time dependence 
of the thermal response of (DyY)Ti2 07 suggests a more 
complicated relaxation process. It is found that magnetic 
dilution of 50 % concentration significantly prolongs the 
relaxation time, in contrast with corresponding results 
obtained for T > T ic) M. 



II. EXPERIMENTAL 

Polycrystalline powdered samples of Dy2Ti2C>7 and 
(DyY)Ti2C>7 were prepared using well established solid- 
state synthesis techniques 29 . The Y 3+ ion was used for 
magnetic dilution since it has nearly the same ionic ra- 
dius as Dy 3+ . Both samples were confirmed, using X-ray 
diffraction, to be monophasic with the cubic pyrochlore 
structure. The magnetocaloric effect was investigated us- 
ing two experimental devices. Adiabatic demagnetiza- 
tion in the milikelvin temperature range was conducted 
in a commercial dilution refrigerator TLE 200, whereas 
a home made 4 He cryostat was applied for demagnetiza- 
tion above 1 K. Both Dy 2 Ti 2 7 and (DyY)Ti 2 7 were 
in the form of coin shaped pellets of weights 495 mg and 



502 mg, respectively. In order to minimise demagnetiz- 
ing effects, the magnetic field was aligned with the flat 
aspect of the pellet. The samples were connected to a 
metal frame using nylon threads of diameter 0.08 mm 
and length 2.5 cm. During the demagnetization the tem- 
perature of the frame followed the actual temperature of 
the samples to suppress the heat transport via threads. 
The temperature of the samples was monitored using 1 
k£! Ru02 thermometers of RC550 type, mounted on the 
sample. These thermometers are characterized by low 
magnetoresistance 3 ^ 3 ^ and specific heat 3 ^. Considering 
the magnetoresistance of the thermometers used and the 
fact that a decrease of the temperature was induced by 
decreasing magnetic field, the magnetoresistance effects 
could be safely neglected in the temperature and mag- 
netic field range of presented experimental data. 

III. RESULTS 

In the first step adiabatic demagnetization was per- 
formed from 6 K to 0.7 K using various initial magnetic 
fields up to 2 T. In this temperature and magnetic field 
range ac-susceptibility studies— suggest a relaxation time 
smaller than nominally 1 s. The adiabatic change of 
temperature with changing magnetic field is governed by 
thermodynamic relation 

where C represents specific heat in field B and the quan- 
tity (dT/dB)s can be obtained from the demagnetiza- 
tion. The relation (1) enables an indirect verification of 
the change of entropy with temperature and magnetic 
field, a relationship that can alternatively be determined 
from specific heat measurements. Although direct de- 
termination of the values of the entropy from a magne- 
tocaloric study is not possible, the adiabatic change of 
temperature with sweeping magnetic field can be pre- 
dicted from the temperature and magnetic field depen- 
dence of the entropy and then compared with correspond- 
ing experimental data. This was done as follows. Dur- 
ing the demagnetization the temperature of Dy 2 Ti 2 07 
was monitored as a function of swept magnetic field. On 
the obtained dependence, specific points [Tj, were se- 
lected for those values Bi, for which the temperature de- 
pendence of the entropy S(B i7 T) (see Fig. 1) was derived 
from specific heat data-. The entropy values S(Bi,Ti) 
were then read off the reported entropy versus tempera- 
ture curve for the given field Bi. Considering that adi- 
abatic demagnetization represents an isentropic process, 
the values of magnetic entropy obtained in each run were 
averaged. The comparison of the entropy estimated from 
specific heat data 3 - and that obtained from demagnetiza- 
tion is presented in Fig. 1. The obtained reasonable 
agreement may serve as indirect confirmation of temper- 
ature and magnetic field dependence of entropy proposed 
from calorimetric data for Dy2Ti207. 
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The release of residual entropy by magnetic field re- 
moval in geometrically frustrated magnets creates a 
rather unusual situation for magnetocalorimetry. Specif- 
ically, the formal adoption of Fig. 1 below 2 K and 1 T 
enables one to consider a state in appropriate magnetic 
field for which the entropy is much smaller than that in 
zero field (Fig. 2). Indeed, according to Fig. 2, such a 
state can be reached by adiabatic magnetization from the 
initial state (1) to an intermediate state (2) and subse- 
quent cooling in constant magnetic field to the final state 
(3). Unlike in the case of a conventional magnet, the min- 
imum temperature obtainable by demagnetization from 
state (3) can not be predicted from the temperature de- 
pendence of the entropy in zero magnetic field. This fact 
motivated subsequent magnetocaloric studies in the mi- 
likelvin temperature range. 

The adiabatic demagnetization below 1 K was studied 
using different sweep rates varying from 1.5 mT/min to 
0.22 T/min with initial temperature 0.84 K and magnetic 
field 0.75 T. The selected initial temperature is higher 
than the value at which the bifurcation of field-cooled 
and zero field cooled magnetization data was observed^ 3 -. 
In addition, the selected initial magnetic field is smaller 
than that which releases the whole residual entropy 3 . 
The time dependence of the temperature during demag- 
netization of Dy2Ti2C>7 and (DyY)Ti2C>7 is presented in 
Fig. 3 and Fig. 4, respectively. The thermal response of 
Dy2Ti2 07 is characterized by a linear decrease of tem- 
perature with a change of slope occurring in a relatively 
small time range. A small upturn of the temperature is 
observed towards the end of each run, in finite field. In 
contrast, (DyY)Ti2C>7 is cooled with gradually increas- 
ing speed to a minimum temperature higher than that 
obtained for Dy2Ti2C>7 and also with a more significant 
temperature upturn. It should be stressed that in both 
materials the temperature increase continues even after 
finishing the demagnetization (see Inset in Fig. 3 and Fig. 
4). Whereas for Dy2Ti2C>7 the temperature increase af- 
ter the demagnetization seems to be of exponential form 
(see Fig. 3 (inset)), a more complicated dependence was 
observed in (DyY)Ti 2 7 . 

The dependence of temperature on magnetic field dur- 
ing demagnetization for both materials and various sweep 
rates is presented in Fig. 5a. and Fig. 5b. The thermal 
response of Dy2Ti207 on change of magnetic field is not 
very sensitive to sweep rate, at least for the used range 
of sweep rates: only below 0.4 K is a mild dependence on 
sweep rate observed. In addition, for all used sweep rates, 
the change of slope in the temperature decrease occurs 
in a small range of magnetic fields around 0.3 T. In con- 
trast, a pronounced effect of sweep rate is demonstrated 
in (DyY)Ti2C>7 , where the sweep rate significantly influ- 
ences not only values of temperature during cooling but 
also the response after the magnetic field reaches zero 
value. The simplest explanation of this "memory" of the 
applied sweep rate is that the evolution of the system af- 
ter removal of the field is limited by the temperature (and 
hence phonon population) of the lattice, as discussed fur- 



ther below. 



IV. DISCUSSION 

The data presented here enable one to study the re- 
laxation process in spin ice at temperatures lower than 
those for which ac-susceptibility data are availabl o 20 i 34 
and to compare the influence of magnetic dilution on 
spin relaxation in the milikelvin temperature range with 
the detailed investigations reported for T > T ic( . 21 . The 
thermal response of Dy2Ti2G<7 on decreasing magnetic 
field suggests that above ~ 0.4 K the magnetic and lat- 
tice/thermometer subsystems are in thermal equilibrium 
during the demagnetization. Below this temperature it 
is clear that at least part of the magnetic subsystem falls 
out of equilibrium with the lattice and remains at an 
effectively higher temperature. The final rise in temper- 
ature represents the equilibration of the whole system. 
The fact that the temperature continues to rise after de- 
magnetization identifies this as a spontaneous and irre- 
versible thermodynamic process that increases entropy. 
These changes are represented schematically by processes 
3^4 and 4 — > 1 on Fig. 2. We now discuss briefly sev- 
eral details of this process. 

The change of slope in cooling rate observed near 0.3 T 
regardless of sweep rate could be associated with the for- 
mation of the kagome-ice state in the grains for which 
the magnetic field is oriented close to a (111) direc- 
tion. Specifically, magnetization studies of Dy2Ti2C>7 
with field oriented along [111] revealed that the sys- 
tem is first magnetized into this intermediate state, still 
governed by ice rules, and where the degeneracy remains 
in the kagome plains oriented perpendicular to [111]. A 
sufficiently high magnetic field breaks the ice rules and 
drives the system into the ordered state. The resulting 
magnetization curve displays a plateau in the range 0.3 
T < B < 0.9 Tfi£ which also leads to a plateau in the 
field dependence of the residual entropy observed from 
nominally 0.3 T to 0.7 T— . Considering the random ori- 
entation of grains in the pellet, it is conceivable that, 
for selected grains, the orientation of magnetic field will 
be close to a (111) direction. These grains will not con- 
tribute to cooling during demagnetization with the afore- 
mentioned initial condition due to the presence of the 
plateau in the residual entropy. Only when magnetic 
field becomes smaller than 0.3 T, will Dy2Ti2C>7 in all 
grains be driven back into spin ice state and so cooling 
becomes more efficient. 

The time and magnetic field dependence of tempera- 
ture below 0.4 K in Dy2Ti2C>7 suggests that the system 
becomes out of equilibrium on the time scale of mea- 
surement. It is apparent that, after finishing the demag- 
netization, the lattice of Dy 2 Ti 2 07 still accepts energy 
from the magnetic subsystem until thermal equilibrium 
is re-established at a certain temperature. This resulting 
temperature Tfi na i is considered as a temperature reached 
by the demagnetization for a given sweep rate. The de- 
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pendence of Tg na i on the sweep rate is presented in Fig. 
6. 

As intuitively expected, slower demagnetization en- 
ables Dy2Ti207 to be cooled to lower temperatures. 
However, when the resulting temperature approaches 0.3 
K, its value does not seem to be so sensitive on the rela- 
tive change of the sweep rate as observed for higher tem- 
peratures. The relaxation time r for a given sweep rate 
can be estimated by fitting the thermal response after 
finishing the demagnetization using single exponential in 
the form : 

T(t)=T + ATfl-earp(~n (2) 

where To represents temperature of the sample when 
magnetic field reaches zero value and AT denotes the 
temperature increase during the relaxation. The results 
of this analysis of the thermal response are presented in 
Fig. 7. In the analysis, the approximation used repre- 
sents the main source of error in the estimated values of 
the relaxation time. 

Whereas for sweep rates higher than 50 mT/min the 
estimated relaxation time seems to be about tens of sec- 
onds, a very pronounced increase occurs for lower sweep 
rates. Both the behaviour of the resulting temperature 
Tfinai and the sharp increase of relaxation time for the 
lowest sweep rates indicate a pronounced slowing down 
in relaxation when the system is demagnetized towards 
0.3 K. This is manifested in the dependence of the re- 
laxation time on the resulting temperature, see Fig. 8, 
which confirms a steep thermal dependence of the relax- 
ation in the studied temperature range. We may com- 
pare this behaviour with that of a paramagnetic Kramers 
ion, which typically may relax by the direct, Raman and 
Orbach processes^&SI. As shown on the figure, the tem- 
perature dependence is close to the T~ 9 dependence ex- 
pected for the Raman process. In a magnetic field the 
direct process is also likely (it increases at B 4 ), but we 
expect the single ion Orbach process to be extinct in this 
temperature ranged. As the typical phonon energy is 
~ kT and the energy of a creation of an ice rules de- 
fect is ~ fcTi ce , the fact that cooling by phonon energy 
loss persists to T < T lcc suggests a low energy chan- 
nel of spin relaxation: for example diffusion of ice rules 
defects or collective "looped" spin reversals*^. An alter- 
native mechanism that one might consider is a low energy 
collective spin reversal mediated by the transient gener- 
ation of a defect in the spin ice state. Such a mechanism 
would be Orbach-like, relying on phonons in a narrow 
band of energies around A ~ kT lcc and so would have an 
Arrhenius temperature dependence with that activation 
energy. The Arrhenius form indeed gives a satisfactory 
description of the data with an activation energy of this 
magnitude (see Fig. 8). More theory and experiment 
is clearly required in order to distinguish between these 
candidate spin-lattice relaxation processes. 

The results of Fig. 8 may be compared with those 
obtained by ac-susceptibilityM. However, quantitative 



comparison should be accepted with caution since, un- 
like in ac-susceptibility measurement, the relaxation time 
was estimated from a small, but non-negligible rise of 
the temperature. As illustrated in inset of Fig. 8 the 
presented results may be considered as a qualitative ex- 
tension of ac-susceptibility studies towards 0.3 K. 

At temperatures close to 0.3 K, there appears to be 
a more rapid increase of relaxation time (see Fig. 8), 
suggesting a crossover into a metastable state with much 
slower relaxation. Obviously a more convincing conclu- 
sion could be drawn if more data below 0.3 K were avail- 
able. However, such a study should be performed in a 
significantly larger time scale that would require a new 
design of experimental setup: consequently it will be sub- 
ject of a future effort. The suggested crossover is never- 
theless consistent with recent neutron scattering results 
for Dy2Ti2 07j2i where the existence of two regimes was 
proposed. Both regimes are characterized by spin cor- 
relations governed by ice rules, but whereas at higher 
temperatures (T > 0.3 K) dynamical processes are still 
present, for lower temperatures (T < 0.3 K) the system 
enters a frozen state in which the probability of spin flips 
becomes much smaller. A recent theoretical analysis of 
the zero field neutron scattering results^ also suggests 
why the final irreversible entropy increase (4 — > 1 on Fig. 
2) is exothermic (AC/ < 0). In particular, the equilibrium 
state at 0.3 K appears to consist of only closed loops of 
spins that carry zero magnetization and are stabilised by 
further neighbour exchange coupling. These interactions 
combine with the dipolar interaction to give an energy 
scale of ~ 0.3 K that possibly provides the necessary 
AU. 

We finally consider the effect of magnetic dilution on 
the relaxation below Ti co . Although in (DyY)Ti20y a 
more complicated thermal response after the demagne- 
tization does not enable an analysis similar to that per- 
formed for Dy 2 Ti 2 07, the observed sensitivity of the de- 
magnetization of (DyY)Ti207 on sweep rate immediately 
suggests an increase of relaxation time with 50 % mag- 
netic dilution. This behavior contrasts with the obser- 
vation for T > Tec, where a non-trivial dependence of 
relaxation time as a function of dilution was observed. 
Specifically, a concentration of magnetic dilution smaller 
than nominally 12 % was found to accelerate the dynam- 
ical response2i. That decrease of the relaxation time 
was ascribed to a reduction of the local fields around 
each Dy 3+ ion by nonmagnetic dilution and a subsequent 
smaller energy splitting of different spin states which 
makes quantum tunneling of individual spins more prob- 
able. In contrast, for concentrations of Y 3+ higher than 
12 %, an increase of the relaxation time with increas- 
ing level of doping was observed. That phenomenon was 
ascribed to an increasing energy barrier due to modifi- 
cations in crystal field splitting stimulated by dilution- 
induced changes of lattice parameters. The competing 
effect of both mechanisms leads to the situation that for 
T > Tec and zero magnetic field the relaxation times 
of Dy2Ti2 07 and (DyY)Ti2 07 are nearly the same. Al- 
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though for (DyY)Ti207 the latter mechanism might also 
be present in the low temperature regime, the observed 
behaviour seems to be more similar to that of the 'col- 
lective paramagnet' T^T^O?^' 1 ', for which spin freezing 
around defects has been proposed. The pronounced dif- 
ference in the dynamical response of diluted spin ice may 
be understood either by the pinning of diffusing defects 
(the absence of a spin creates an energy trap) or by the 
pinning of spin loops. It may also be that the effec- 
tiveness of the phonon population in maintaining equi- 
librium at low temperature is adversely affected by the 
introduction of quenched chemical disorder. The system- 
atic study of spin relaxation in spin ice at T < Tj ce with 
different concentrations of nonmagnetic ions is clearly de- 
sirable in order to clarify the proposed scenario. 



lattice relaxation in which the characteristic relaxation 
time increases with decreasing temperature in a manner 
consistent with either a Raman process or an Orbach- 
like process with activation energy ~ kT lcc . In addition, 
at T « 0.3 K the transition to a regime with much 
slower dynamics was indicated, supporting the conclusion 
of neutron scattering experiments. It was also found that 
for T < T lcc , magnetic dilution of 50 % concentration sig- 
nificantly increases the relaxation time in contrast with 
reported behavior in 'molten' spin ice. Future experimen- 
tal studies, including adiabatic demagnetization of single 
crystals, neutron scattering under adiabatic conditions, 
studies at lower temperature and systematic studies of 
dilution, will be necessary to clarify the various micro- 
scopic processes suggested by these experimental results. 



V. CONCLUSION 

The study of the magnetocaloric effect in Dy2Ti2C>7 
above 2 K has enabled verification of the temperature 
and magnetic field dependence of the entropy calculated 
from experimental specific heat data. Adiabatic demag- 
netization of spin ice in the milikelvin temperature range 
has demonstrated that the technique can be used to 
study slow relaxation processes. The demagnetization 
of Dy 2 Ti 2 07 strongly suggests that down to 0.3 K the 
dynamics are dominated by thermally activated spin- 
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FIG. 1: Temperature dependence of the entropy of powdered 
Dy2Ti207. Open symbols denote entropy calculated from 
magnetic specific heat— in various magnetic fields (squares 
5=0 T, circles B=0.5 T, triangles up 5=1 T, stars 5=1.25 T, 
triangles down 5=1.5 T, hexagons 5=2 T). Full circles rep- 
resents data obtained from adiabatic demagnetization. The 
full line denotes the entropy estimated from lattice specific 
heat. 
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FIG. 2: Temperature dependence of entropy of Dy2Ti2C>7 
below T = 2KinB = (dashed line) and B = 0.5 T (solid 
line). Numbered full circles denote an initial state (1), an 
intermediate state (2) reached by adiabatic magnetization, 
state (3) reached by cooling in constant field and state (4) 
obtained after adiabatic demagnetization. See text for a more 
detailed discussion. 
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FIG. 3: Time dependences of temperature during adiabatic 
demagnetization of Dy2Ti207 for selected sweep rates: (cir- 
cles) - 7.8 mT/min, (squares) - 15.6 mT/min, (triangles) - 23.5 
mT/min, (hexagons) - 47.1 mT/min, (stars) - 110 mT/min. 
Inset: More detailed view of the time development of temper- 
ature at the end of the demagnetization. Solid line represents 
the least squares fit using Eq. (2). The moment when mag- 
netic field reaches zero value is denoted by arrow. 
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FIG. 4: Time dependences of temperature during adiabatic 
demagnetization of (DyY)Ti2C>7 for selected sweep rates. The 
arrow denotes the moment when magnetic field reaches zero 
value. 
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FIG. 5: Magnetic field dependences of temperature dur- 
ing adiabatic demagnetization of a) Dy2Ti2 07 and b) 
(DyY)Ti207 for corresponding sweep rates denoted in Fig. 
3 and Fig. 4, respectively. The data of temperature are pre- 
sented only to the point at which the magnetic field reaches 
zero value. See text for a more detailed discussion. 
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FIG. 6: Dependence of Tfl na i, the resulting temperature after 
the demagnetization (empty circles) and To, the temperature 
at which magnetic field reached zero value (full squares), for 
Dy2Ti207 on the used sweep rate. Three lowest tempera- 
tures were reached using 1.5 mT/min, 2.2 mT/min and 3.1 
mT/min, respectively. The solid lines are guides for eye. 
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FIG. 7: Dependence of the estimated relaxation time of 
Dy2Ti2 07 (empty circles) on the used sweep rate. 
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FIG. 8: Temperature dependence of the relaxation time of 
Dy2Ti2 07 (empty circles). The solid line and dashed lines 
represent least squares fits from 0.3 K to 0.4 K using relations: 
r = a.T' 9 , with a = 7.22e-3 K 9 s and r = b*exp(A/kT)) with 
b = 2.5e-3 s and A/k = 3.6 K, respectively. Inset: Compar- 
ison of the relaxation time obtained from the present work 
(empty circles) and from Ref. |34| (full squares). 



